After over 125 years of design, polishing, and testing lens elements with rotationally symmetric, often spherical surfaces placed in round tubes-including single-lens-reflex cameras and microscope objective lenses-computer control has come along to interject advances that are rapidly changing the field. In the 1990s (the late) Harvey Pollicove founded and led the Rochester Center for Optics Manufacturing to automate fabrication of spherical and rotationally symmetric aspheric surfaces under computer numerical control (CNC). Now, this technology is moving forward to fabricate surfaces without rotational symmetry, or more generally freeform surfaces.
These advances are bringing a new paradigm in our millennium. Previously, most optical imaging systems were constrained to spherical surfaces for economic reasons. In such a system, a typical lens element contributes to up to 15 aberrations, or ways to lose, each with individual characteristics. Using a more complicated (freeform) shape for the surface offers an opportunity to introduce innovative 3D packages while simultaneously correcting more directly the limiting aberrations. CNC machines now produce freeform surfaces that depart from rotational symmetry for use at wavelengths as short as one micron. This is revolutionary.
Today, the optical design, fabrication, and testing communities are scrambling to develop a self-consistent structure for describing freeform surfaces through their respective processes. In 2006, Greg Forbes, a leading industry mathematician, sounded the alarm when he showed definitively that the formulation of rotationally symmetric surfaces introduced by Abbe in his 1902 patent was failing dramatically, as optical designers added more and more terms in a misguided effort to achieve a lower value for the optimization merit function. This shortcoming led to the introduction in the optical design environment of so-called Q-polynomial surfaces, 1 5 Q-polynomial formulation, developed for rotationally symmetric aspheric surfaces now available for optical design, is also becoming available in optical surface fabrication and testing equipment.
An effective approach to the mathematical description of freeform surfaces is to use the Zernike polynomials in one of their many forms. 3 Adopted in the 1970s by the leading interferometric testing companies, this surface departure descriptor continues to dominate optical testing. It has slowly merged with optical design codes initially for analysis of as-fabricated surfaces within an optical system simulation and more recently for optimizing freeform optical systems. However, to keep optical design aligned with the need to reduce the maximum slope for optical testing, the optical testing community is proposing that the 'default' freeform optical surface mathematical shape descriptor should be a function like the Q-polynomial of Forbes. Recently, Forbes proposed a freeform surface description that enables rms slope control that is related to the Zernike polynomials. 4 In a dramatic development, a path that links the aberration theory for nonsymmetric optical systems to freeform optical surfaces and, more particularly, surfaces whose shape is described
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as a Zernike polynomial 5 has been discovered. In 1977, Shack 6 introduced a vector formulation of aberration theory that we later expanded to create nodal aberration theory through fourth and then sixth order. 7, 8 The strength of this approach is that it is directly traceable to the aberrations of Seidel, which are still taught in all introductory optics courses. However, this work, while enabling optical design of systems without symmetry, has been restricted to rotationally symmetric surfaces.
Together with Fuerschbach, we discovered that there is a direct path to create an aberration theory for the design of optical systems with Zernike class freeform optical surfaces in an unconstrained geometry. The link is found by extending the paper by Schmid, 9 which introduced figure error on the primary mirror of large astronomical telescopes into nodal aberration theory. By combining this work with concepts most often attributed to Burch, 10 we linked the two seemingly disparate fields of research, with exciting implications for 3D optical design.
The tools that enable the immediate application of this discovery are full-field displays, 11 funded by the Defense Advanced Research Projects Agency in the late 1990s, that we used to design a wide-field-of-view, unobscured all-reflective optical system with fully freeform surfaces (see Figure 1) . 12 Current applications are augmented reality displays, missile seekers, and astronomical telescopes. Now, armed with an underlying theory for optical design and a method of fabrication, the first generation of these radical optical systems are emerging as pathfinder systems.
Moving forward, we will next investigate how different freeform surface descriptions may yield advantages not only in various design challenges but also in supporting the manufacture of these surfaces. Recent work using Zernike polynomials extended to thousands of terms has demonstrated that this approach can be applied to describe surface errors from low to mid-spatial frequencies. This extension of surface descriptors to thousands of parameters can be aided by a simultaneous extension to the ray grids used to sample the surfaces in some cases, as we have recently shown. 13 Ultimately, spanning the application of freeform surfaces to future systems from the IR to the extreme UV region of the spectrum opens great challenges all the way from design to manufacturing.
As exciting as this is, it is likely to be merely an intermediate step to the ultimate integration of computers with the end-toend process of creating optical systems. Our recent exploratory work has pointed to the effectiveness of multicentric basis functions, which are particularly well adapted to computer control. This work builds on our investigation, with Cakmakci, of radial basis functions for freeform surface description. [14] [15] [16] For those in optical system development, from optical design, to fabrication, to assembly and testing, it may be time to put on an eyeglass format display to view the entire universe that is classical optical systems.
